INTRODUCTION
Currently two well established physical theories describe the fundamental interactions: quantum field theory -Standard Model and theory of gravity -General Theory of Relativity. Many theoretical works are conducted to combine these two theories to one "Theory of Everything". Concerning the gravity, experimental data are in agreement with Einstein theory of gravity, from the Mercury perturbation motion to time corrections of GPS satellites clocks. However, a number of questions still remains open. Gravity waves and gravitons are, till now, not observed. Another question is how fast the curvature of spacetime can change. Our proposal of the experiment can contribute to the discussion of these problems.
SATELLITE GRADIOMETRY
Space technology provided the mankind with new possibilities and tools for the new frontiers in experimental science. One of these is the Global Navigation Satellite System; the particular realization of GNSS -Galileo -is being the main topic of this conference. Another one is the gradiometry, the modern technology which allows the measurement of the gravity field variations as function of position as well as time. The best example of the application of this technology is the project GOCE that is going to be launched in few months from now. Theoretical foundations for this method were developed by R. Rummel [1] and other geodesists. The gradiometer applied for this mission is probably the top achievement of the space technology. The sensitivity of this instrument is of the order of 10 -3 EU, where EU denotes the Eötvös unit of the gravity acceleration gradient: 1 EU = 10 -9 m s -2 /m . The gradiometer consists of three pairs of accelerometers, mounted on three perpendicular axes, with the separation between accelerometers in each pair equal to 0.5 m. The accelerometer noise is smaller than 2 × 10 -13 m s -2 Hz -1/2 in the defined measurement bandwidth (from 0.005 to 0.1 Hz) [2] . The orbit of the GOCE satellite is planned to have the following parameters: mean altitude ≈ 250 km, i = 96.5 0 . At this altitude the variations in the vertical gradient T rr , along the orbit, are in the range of ±1 EU. So, the sensitivity of the GOCE gradiometer is much higher than the amplitude of the measured signal.
Expressions for the gradient are given by Łatka [3] or in the ERS report by Johannessen and Aguirre-Martinez [4] . We will discuss here the vertical component T rr only of the gradient tensor, because this component is the most convenient for the measurements. This expression after Łatka is ( 1 ) and after ESA Report
These two expressions are equivalent, but T rr denotes the gradient in the perturbing gravity potential, without the zero and second order terms, while V rr is the gradient in the whole Earth's potential.
A well-known feature of the gravity potential field is the attenuation of the signal with altitude. This is the main reason why the missions like GOCE must be realized with an orbit as low as possible. In the case of the gravity acceleration gradient, for the rr component the attenuation factor is equal to (3) where n is the degree of the spherical harmonics expansion, a E is the radius of the Earth sphere and r is the distance from the Earth center.
The attenuation has two features:
• the total value of the function (1) is decreasing with the altitude above the Earth surface • the resolution is decreasing because of the more rapid decline of the higher order terms of the series (1).
Consequently, the higher the orbit of the satellite with gradiometer the more global (low frequency) the gravitational gradient signal is.
Some numerical calculations can give us an idea about the evolution of the gravitational gradient with orbital height. (2) can be also applied for the Upward Continuation (UC) Procedure [5] . By Upward Continuation we understand the mathematical operation when the value of the function is known on the certain level and we are going to calculate it on the higher level. Because the (absolute) value of the geopotential is decreasing with the geocentric distance, and the same is true with functionals like gravity acceleration and gradients, UC procedure is stable and can be safely applied, assuming that the gravity field model is accurate enough.
CONCEPT FOR DETERMINATION OF THE VELOCITY OF THE GRAVITATIONAL SIGNAL
Now, let us consider the possibility of application of the gradiometry for the determination of the velocity of propagation of the gravitational signal in space. First, let us consider the theoretical possibility of such an experiment then let us discuss the constraints related to the accuracy of the solution. Let us ponder if the GNSS satellites provide a convenient tool for the realization of this experiment.
In the beautiful book on gravity Bernard Schutz said: The only part of the gravitational field of a wave that we can measure directly is the non-uniform part, which acts in such way that one section of an apparatus is affected by gravity differently than another. We can therefore only register the differences in gravitational acceleration across the region occupied by our experiment [6] . This is exactly the principle of the gradiometer.
We consider the Earth-centered inertial reference (ECIR) frame oriented to distant stars but centered in the Earth's center of mass. The Earth is rotating with respect to this frame together with its gravity field. On the other hand the GNSS satellites are orbiting in the same frame and their circular orbits approximately form the sphere that is stable in ECIR frame. The rotating undulated Earth gravity field is crosscut by the sphere and the gravitational potential on this sphere is time dependent, as well as its gradients. If the satellites are equipped with gradiometers the variable gradient can be measured.
The radius of the sphere depends on the altitude of the GNSS orbits. The altitudes of the GPS constellation and the Galileo foreseen one are 20183 km and 23222 km, respectively. This is about 3000 km difference in height. For the velocity of light it is ca. 0.01 s. We can also imagine a substantially higher constellation with the height difference of even 30000 km that will produce 0.1 s of the time difference. GPS -20183 km 21200 km 22200 km Galileo -23222 km
Fig. 6. Gradient profiles for orbital heights of GPS and Galileo
Now, let us disregard the Newtonian notion of the gravitational potential rigidly connected with the generating mass and let us think in terms of the general relativistic concept of gravity. Then, the same gravitational gradient signal should arrive to the Galileo sphere 0.01 s later than to the GPS sphere. If we could measure this time interval accurately enough we could determine the speed of propagation of the gravitational signal.
We can consider the Earth's fixed coordinates φ and λ rotating with respect to the ECIR celestial coordinates δ and α . If we take the intersection on GPS sphere of a given arbitrary celestial meridian α 0 with the equatorial plane φ = δ = 0 then the value of the gravitational gradient at this point P 0 will be a function of time. We will have the same along the straight line going upwards from P 0 but with constant orientation in the celestial frame. The value of T rr along this line will vary as function of time and geocentric distance r. This is shown schematically in Fig. 7a and 7b.
Given the instant t i and the distance r i , let us denote the gradient with T rr (t i ,r i ) ; for the same instant t i but another distance r k we have T rr (t i ,r k ).
In the Newtonian definition of the gravity field where the field is rigidly connected to the generating mass the value T rr for the same instant t i but different radius r k will differ by the upward continuation operator depending on height above the Earth.
Let us write
T rr (t 1 ,r 2 ) = T rr (t 1 ,r 1 ) ⊗ UC (4) where the symbol ⊗ UC denotes application of the Upward Continuation Procedure.
However, in general relativity we assume that the gravity is propagating in space with the velocity c g . The gravitational signal is traveling from the height r 1 to the height r 2 
Fig.7. Earth rotation and gravity
During this time interval the Earth will rotate by the small angle Δ t as well. Because of this time delay and small rotation the gradient registered at t 1 on the level r 2 will be not the simple Upward Continuation from the r 1 at the moment t 1 but will be equal (see Fig. 8 ) (6) where dt
is the rate of change of the
If we denote the last term of (6) (8) and taking into account (5) Expression (9) can be considered as an observation equation because it can be written for each observation. However, we have to admit, the single measurement will give very uncertain result because the rr T δ in the denominator is very small.
Let us look to this problem from another side. The T rr gradient curves projected on the circles with radii r 1 and r 2 can be treated as a harmonic signals described by the time series as function of the Earth's rotation, for which we can determine the phase and the amplitude of several terms in particular the zero term. The amplitudes for the upper curve will be related to the lower one by the Upward Continuation. But the phase of the upper one will be shifted with respect to the lower one by the angle -or time difference - creating the shifted twin signal, let call it the "shadow function" (see Fig. 8 ).
The solution of the problem will consist on the determination by gradient measurements of the phase difference of both signals -upper and lower. For the case of the constellations GPS and Galileo the difference of the height of the orbits is roughly 3000 km. This is equivalent to Δt = 0.01 s and it is in turn equivalent to 0."15 of the angle of rotation of the Earth. On the surface of the Earth it gives ca. 4.5 m but on the orbital height of Galileo it will be ca. 18 m.
DISCUSSION OF ACCURACY
Now we can discuss the accuracy of the solution to this problem.
It seems that there are two principal constraints to the realization of this experiment: precision of the gradient measurement and precision of the time determination. Let us discuss them separately.
The GOCE gradiometer is nowadays probably the most advanced instrument of this type. However some works are conducted in different countries which show that we are not yet at the limit of the possible measurement precision. In the Istituto di Fisica dello Spazio Interplanetario in Roma very successful experiments by Iafolla with the Italian Spring Accelerometer (ISA) open new possibilities for further improvement in accuracy and performance of a new generation gradiometer [7] . In the US the group of Paik published some results hoping to achieve the accuracy 10 -5 EU [8] .
In the project STEP (Satellite Test of the Equivalence Principle) the accelerometer prepared for this mission has a sensitivity of 10 -18 g which is equivalent to 10 -17 m s -2. The gradiometer consisting of the pair of such accelerometers should have a sensitivity of 10 -8 EU [9] . Of course, building a gradiometer is not simply putting two accelerometers one aside the other. It would be so if you could align them with the required accuracy, and maintain this for all the measurement period. This is not easy, nevertheless is not hopeless. As concerning the precision of timing in GNSS systems it is better than 10 -8 s. Synchronization of two different systems like Galileo and GPS could present some problem, nevertheless we are rather on the safe side.
The challenge will be rather the detection of the incoming signal, because it will be very flat. From the Fig. 6 or 8 we can see the signal shape distributed over 24 hours: the period is equal to about 12 hours and the amplitude to 1·10 -4 EU. It means that from the bottom to the peak of the signal we have about 6 hours. With the linear approximation we can tell that for 1 s we get a 0.5·10 -8 EU change for the gradient. If we are interested in the ±0.001 s accuracy in the determination of the signal arrival time it means that equivalent accuracy in the gradient measurement should be ± 0.5*10 -11 EU. This level of the gradiometer precision is hardly imaginable even with very developed and sophisticated technology.
Probably the only possibility to determine the difference in the time of arrival on two different heights will be filtering technique of both curves. The shape of the curve could be modeled with sufficient accuracy using the known gravity field model. We can take into account that GNSS constellations are long living systems. Then, the statistics can be helpful.
If we have the accurate theoretical model of the curve that should be fitted by measurements then only one term of the zero order has to be determined. The accuracy of this term is roughly described as (10) where σ 0 is the standard deviation of the measurement and n is the number of measurements. Supposing that the measurement is done with the frequency 1 Hz, during 24 hours we have 86400 measurements and during 12 days more than one million. With the individual measurement error ±10 -8 EU and 12 days measurement interval we can get close to the desired accuracy ± 10 -11 .
Unfortunately, experts in accelerometry technology are of the opinion that accuracy ±10 -8 EU is not achievable, also in the future [10] . Therefore, less demanding requirements for the measurement accuracy must be accepted but compensated by the increasing number of observations. Considering the continuous operation of GPS and Galileo and the number of satellites which could be available, the amount of data collected could be enormous.
CONCLUSIONS
It seems that the concept for the determination of the velocity of the gravitational signal, using the rotating Earth as the signal generator, and GNNS plus gradiometry as detector, is realistic, but of course not easy. It should provide the motivation for the development of the gradiometry technology and could widen the spectrum of scientific applications of GNSS. Also, some other satellite constellation could be considered, with lower orbits but greater height difference. Optimal combination of the gradiometry resolution and orbital height could be find with further analytical and numerical research.
